Abstract: In the carotenoid biosynthesis pathway, phytoene synthase (PSY) catalyzes the dimerization of two molecules of geranylgeranyl pyrophosphate (GGPP) to phytoene and has been shown to be a rate-limiting enzyme for the synthesis of carotenoids. In this study, a PCR approach was used to isolate a phytoene synthase cDNA from flower of Osmanthus fragrans. It contained a 1314 bp CDS. The predicted protein (49.4 kDa) displayed a sequence of 438 amino acid residues. Phylogenetic analysis demonstrated that the O. fragrans PSY gene (OfPSY) clustered with Gardenia jasminoides, Coffea canephora, Lycium barbarum and Mespilus germanica. Moreover, the OfPSY sequence relates closely with other PSY sequences of higher plants. We detected flower's carotenoid content and analysed OfPSY and carotenoid cleavage dioxygenase genes (OfCCD1 and OfCCD4) in two cultivars of O. fragrans with varied coloration, including O. fragrans "Yingui" (light yellow) and "Dangui" (orange) at different floral stages. We observed that "Dangui" can accumulate carotenoids when OfPSY transcript was already constant, and this showed that the OfPSY does not play a role in the accumulation of total carotenoid in this cultivar. However, the transcripts of OfCCD4 in "Yingui" flower petals were clearly higher than that in "Dangui". This was consistent with the ionone content in "Yingui" flower petals, which was significantly higher than that in "Dangui". This response could contribute to explain the different accumulation of carotenoids in petals of the 2 cultivars.
Introduction
In plants, carotenoid biosynthesis takes place in the plastids, but all known enzymes in the pathway are encoded by nuclear genes and post-translationally imported into the organelle (Sandmann 2001) . Carotenoids are synthesized via the general isoprenoid biosynthetic pathway in plastids (Cunningham & Gantt 1998; Linden et al. 1993; Sandmann 2001 ). The first committed step of carotenoid synthesis, the head to head condensation of two geranylgeranyl diphosphate (GGPP) molecules to produce phytoene, is mediated by the enzyme phytoene synthase (PSY). Membrane-localized enzymes carry out subsequent steps of the pathway leading to the colored carotenoids. Phytoene undergoes four desaturation reactions with the production of lycopene. In this part of the pathway phytofluene, carotene and neurosporene are the intermediates. Lycopene is converted to cyclic carotenoids β-carotene and α-carotene by cyclases. Subsequently, substitutions by hydroxyl, oxo, and/or epoxy groups produce xanthophylls with bright orange or yellow colors.
PSY is a rate-limiting enzyme in the carotenoid biosynthetic pathway (Cunningham et al. 1998 ). The contribution of transcript abundance of PSY gene to the carotenoid accumulation was studied in many plant species, including Solanum lycopersicum (Giuliano et al. 1993) , Capsicum annuum (Bouvier et al. 1994) and Citrus unshiu (Ikoma et al. 2001; Kato et al. 2004) . A pieces of evidence clearly demonstrated importance of PSY in controlling carotenoid biosynthesis in developing flowers and ripening fruit, in which these organs, an increase in PSY transcript levels to enhance carotenoid production (Giuliano et al. 1993; Moehs et al. 2001; Zhu et al. 2002; Bramley 2002) .
Carotenoid cleavage dioxygenases (CCDs) are nonhaem iron oxygenases that cleave carotenes and xanthophylls to apocarotenoids. These substances are widely distributed in nature and have important metabolic and hormonal functions in prokaryotes, animals, fungi, green algae, and higher plants (Huang et al. 2009 ). In petunia flowers, β-ionone emission was correlated with the transcript levels of PhCCD1 and in chrysanthemum flowers the white color was associated with the transcript levels of CmCCD4a (Simkin et al. 2004; Ohmiya et al. 2006) . It has been reported for the first time that CsCCD4 could cleave β-carotene at the 9,10 (9', 10') positions to yield β-ionone (Rubio et al. 2008) .
Genes encoding many of the carotenogenic enzymes have been isolated in bacteria, algae, fungi, and higher plants (Sandmann 2001 (Sandmann , 2002 Giuliano et al. 2002) , but the mechanisms that control carotenoid biosynthesis are poorly understood in O. fragrans. In this study, we isolated PSY cDNA from O. fragrans and analysed expression features of OfPSY, OfCCD1 and OfCCD4 in flowers. We also detected carotenoid content in petals. These results provided basic information to study the function of OfPSY and CCDs in O. fragrans carotenoid biosynthesis and metabolism. (Yang & Zhu 2000) were collected, directly frozen with liquid nitrogen, and finally stored at -80
Material and methods

Plant materials
• C until used.
RNA isolation
Total RNA was extracted from petals of flowers at xiangyan stage, initial flowering stage and full flowering stage according to the instructions of the RNAprep pure Plant Kit (Tiangen, China). RNase-free DNase I (TaKaRa) was applied to remove contaminating genomic DNA. Quality and integrity of total RNA were determined by running appropriate amount in a formamide denaturing gel, and quantity of total RNA was determined using a spectrophotometer.
Isolation and sequence analysis of OfPSY For isolation of PSY cDNA from O. fragrans, we aligned amino acid sequences of PSY from different plant species, and identified highly conserved regions of PSY from these species. Following the conserved sequence, two degenerate primers PSY-FP and PSY-FR were synthezed to amplify the partial sequence of the PSY gene (Table 1) . Total RNA was extracted from petals. First strand cDNA was synthezed with 2 µg of total RNA and the superscript preamplification kit (Invitrogen) following instruction of the manufacturer. RT-PCR was performed with the degenerate primer pair. After an initial 95
• C for 4 min denaturation step, 33 cycles were run each with 30 s of denaturation at 95 The rapid amplification of cDNA end (RACE) approach was used to isolate the 3' and 5' ends of OfPSY cDNA by use of 3' and 5' RACE kits (TaKaRa). These primers for 5' RACE (5'race-GSP and 5'race-N) and 3' RACE (3'race-GSP and 3'race-N) were listed in Table 1 . All reactions were performed according to the manufacturer's instructions. These amplified cDNA fragments were ligased into pMD19-T vector (TaKaRa) and sequenced.
The CDS sequence of OfPSY and PSY sequences from other plant species was compared. These sequences were aligned by ClustalW version 1.83 (Thompson et al. 1994 ) and manually adjusted. Phylogenetic analysis was performed by use of MEGA 4.1 software. A neighbor joining (NJ) tree was constructed according to the distance matrix that had been computed. 
RT-PCR analysis RT-PCR reaction was performed with One-Step RNA PCR Kit (TaKaRa) following the manufacturer's instruction. The primers used for OfPSY, carotenoid cleavage dioxygenase 1 gene (OfCCD1, accession number AB526197), carotenoid cleavage dioxygenase 4 gene (OfCCD4, EU334434) and 18s rRNA gene were listed in Table 1 . The expression level of 18s rRNA gene was used as a reference. The thermal cycling conditions were as the following: 95 
Analysis of carotenoid content
The extraction and analysis of carotenoid were carried out following the method described by Schubert et al. (2006) . Flower petals were obtained from different flowering stage of each cultivar. Three repetitions were performed. In brief, flower petals were ground in liquid nitrogen, and then extracted with appropriate solvent of dimethylformamide (DMF) for 24 h at 4
• C in dark. The ground tissues were immediately centrifuged twice to separate debris. The supernatant was removed, and the total amount of carotenoid (mg/g fresh weight) was determined using a spectrophotometer at 450 nm (Moran & Porath 1980; de Carvalho et al. 2011 ) .
GC-MS analysis
A headspace solid-phase microextraction (HS-SPME) holder, serum bottles, glass liners and poly (dimethylsiloxane)/divinylbenzene (PDMS/DVB) fibres of 65 µm were purchased from Supelco (Bellefonte, PA). HS-SPME was used to extract the volatile compounds from 0.5 g flower petals at xiangyan stage, initial flowering stage and full flowering stage. The analytes adsorbed by the fibres were desorbed at 250
• C for 3 min and analysed by gas chromatography-mass spectrometry (GC-MS) (Deng et al. 2004) . Relative content of ionone refered to the proportion of ionone in total volatile oil per flower.
Results
Molecular cloning and sequence analysis of OfPSY
Using RT-PCR and RACE approaches, we isolated Of-PSY cDNA (GenBank accession number JQ699273). The cDNA was 1443 bp long and a coding sequence (CDS) of 1314 bp encoding a polypeptide of 438 amino acids with an estimated molecular mass of 49.4 kDa. A putative chloroplastic transit sequence was predicted to be the N-terminal residues 1-52 through the Chlorop 1.1 program (http://www.cbs.dtu.dk/services/ ChloroP/) (Fig. 1A) .
Amino acid sequence alignment of PSY from different plant species showed OfPSY shared 80% identity with the protein from Gardenia jasminoides, and high similarity with those from other plants, such as Coffea canephora (80%), Capsicum annuum (77%), Lycium barbarum (74%), Mespilus germanica (74%), Arabidopsis thaliana (72%), Narcissus tazetta (70%), Oryza sativa (64%). The phylogenetic analysis demonstrated similar patterns, which indicated that PSYs from Gardenia jasminoides, Mespilus germanica, Coffea canephora and Lycium barbarum can be categorized into one group (Fig. 1B) . These results suggested that an evolutionary link did exist among these plants.
Expression of OfPSY, OfCCD1 and OfCCD4 in petals
We analysed expression of OfPSY, OfCCD1 and OfCCD4 in petal from flowers at xiangyan stage, initial flowering stage and full flowering stage using RT-PCR. OfPSY and OfCCD1 were expressed in all three flowering stages and transcript levels were constant in xiangyan stage, initial flowering stage and full flowering stage in "Yingui" or "Dangui" (Fig. 2) . The transcripts of OfCCD4 were highly expressed in the three flowering stages as well as, but OfCCD4 was found to be more expressed in petals of "Yingui" cultivar than in "Dangui", (Fig. 2) . 
Carotenoid content of flower petals
The results showed that total carotenoid content was 0.0580 mg/g, 0.0870 mg/g, 0.1645 mg/g, each at xiangyan stage, initial flowering stage and full flowering stage in "Yingui" flower petals and 0.1964 mg/g, 0.2631 mg/g, 0.3345 mg/g in "Dangui" flower petals (Fig. 3) . Statistical analysis showed that the carotenoid content of "Dangui" was clearly higher than that in "Yingui" petals of three flowering stage (correlation is significant at the 0.05 level. P < 0.05).
Determination of ionone in flowers
The volatile oil of O. fragrans flowers were analysed by GS-MS. Both α-ionone and β-ionone was detected as volatiles in the headspace (Fig. 4) . The results indicated that the volatile oil of the two cultivars contained a lot of ionone. Especially for xiangyan stage, which was the highest ionone content. In the three flow- Fig. 3 . Carotenoid content in petals of the two cultivars. S1, S2, and S3, list as Fig. 2. ering stages, there proportion of the total volatile oil was 88.7%, 69.4% and 70.7% in "Yingui" and 49.15%, 34.92% and 48.67% in "Dangui" (Fig. 5) . Statistical analysis showed that the ionone content of "Yingui" petals was significantly higher than that in "Dangui" (correlation is significant at the 0.05 level. P < 0.05).
Discussion
It is well known that the color of yellow flowers is often caused by the presence of large amounts of carotenoids. It has been demonstrated that PSY is a rate-limiting enzyme of carotenoid biosynthesis in canola (Brassica napus) seeds (Shewmaker et al. 1999 ) and tomato fruits (Fraser et al. 1994) . In this research, we isolated and analysed the sequence of OfPSY. The cDNA was high similarity with those from other plants. Moreover, a typical cleavable transit sequence for plastid targeting in OfPSY ( Fig. 2A ) was predicted to be the N-terminal residues 1-52. This result is consistent with previous results in Arabidopsis (Scolnik & Bartley 1994) , tomato (Ray et al. 1992) , and sunflower (Salvini et al. 2005) which are 1-70, 1-62, and 1-67 residues, respectively.
The role of PSY in controlling carotenoid biosynthesis in plants is evident during flower development (Moehs et al. 2001; Zhu et al. 2002) when an increase of the corresponding mRNA content correlates with enhanced carotenoid production. However, in this stydy, OfPSY transcripts were already constant in the three flowering stages, and there were no significant difference between the two cultivars (Fig. 2) . To evaluate the relationship between the carotenoid content and the Of-PSY expression, we detected the carotenoid content in the three flowering stages of the two cultivars, and observed that the carotenoid content in "Dangui" flower petals was clearly higher than that in "Yingui" (Fig. 3) . The results above revealed that when OfPSY transcript were constant in the two cultivars, it can accumulate Fig. 4 . GC-MS analysis of ionone in O. fragrans flowers. S1(a), S2(b) and S3(c) of "Yingui" and S1(d), S2(e) and S3(f) of "Dangui" were used for analysis.
carotenoid in "Dangui" flower petals, and this showed that the OfPSY did not result in the accumulation of total carotenoid in "Dangui".
The amount of carotenoid in the tissues is not attributed solely to the ability to synthesize carotenoid. Some plant tissues have the capacity to synthesize carotenoid but contain only a trace amount of carotenoid. The mechanism that controls carotenoid accumulation is largely unknown. Recently, two different regulatory mechanisms were postulated. One is focused on carotenoid degradation, and the other is focused on sink capacity (Tanaka & Ohmiya 2008 ). In the case of chrysanthemum petals, there is no significant difference in the expression levels of the PSY gene between the white and yellow petals of chrysanthemums ). However, a gene encoding carotenoid cleavage dioxygenase (CmCCD4a) was specifically expressed in white petals . Previously α-carotene and β-carotene were identified as the two dominant carotenoids in petals of O. fragrans flowers (Baldermann 2008) . These two carotenes contribute to more than 90% of the total amount of carotenoids in flowers of O. fragrans. α-ionone and β-ionone, were also found the two major ionones emitted from flowers of O. fragrans (Wang et al. 2009 ). It has been demonstrated that OfCCD1 and OfCCD4 in flowers of O. fragrans can cleave carotenoids to produce the volatile scent compounds α-ionone and β-ionone (Baldermann et al. 2009; Baldermann et al. 2010; Huang et al. 2009 ). Our results revealed that OfCCD1 transcript levels were constant from S1 to S3 and have no significant difference in "Yingui" and "Dangui" flower petals. However, the transcripts of OfCCD4 in "Yingui" flower petals were clearly higher than that in "Dangui" (Fig. 2) . This was consistent with the ionone content in "Yingui" flower petals, which was significantly higher than that in "Dangui" (Figs 4-5) .
However, the accumulation of carotenoids increased and ionone content decreased in the two cultivar petals from S1 to S3 (Fig. 3, Fig. 5 ), while the expressions of the two CCD genes were constant. These indicate that the two CCD enzymes are not sufficient to account for the total ionone emission. Our results demonstrate that other CCD enzymes or regulatory factors may be also involved in the carotenoid metabolic pathway, additional studies are needed to clarify the contribution of other CCD enzymes or regulatory factors to ionone emission in O. fragrans.
